In developing any plasma substitute the problem of finding a high molecular weight compound which can temporarily take the place of the plasma proteins is the major one, since the electrolyte composition involves no fundamental difficulties. The function of this high molecular weight compound is to exert an osmotic pressure across the blood capillary walls and, hence, assist in controlling the fluid balance in patients in whom there has been a loss of plasma protein. Provided any given polymer is pharmacologically inert and shows no toxicity either immediate, due to allergic reactions, or long-term, due to permanent storage of the foreign body in the tissue, its value in a plasma substitute will depend largely upon the persistence of the osmotic pressure which it exerts across the capillary wall. This will depend upon the rate of elimination of the polymer from the body and the rate at which it passes through the capillary walls into the tissue fluid. The elimination mechanisms will, in general, involve excretion of unchanged polymer by the kidney or by other means, and its degradation to smaller molecules. The passage of polymer molecules through both the kidney and the capillarv wall will depend upon the shape, structure, charge, and molecular weight of the molecules present. The importance of molecular weight in selecting a polymer for use in a plasma substitute has recently been emphasized by Boyd, Fletcher, and Ratcliffe (1953) , but not enough attention appears to be given to the effect that the shape and structure of a molecule can have on its passage through a membrane. Consequently, the molecular weight most suitable for use in a plasma substitute will vary with the type of polymer. The molecular weight distribution of a polymer does not necessarily remain constant after its infusion into the body, since it is unlikely that all the elimination * Presented in part at the XIIIth International Congress of Pure and Applied Chemistry, Stockholm, Sweden, 1953 , and at the symposium on plasma substitutes organized by the International Blood Transfusion Society, Geneva, Switzerland, September, 1953. This is the second of a series of papers, the first of which was published in the Journal of Polymer Science, 1954, 12, 611. mechanisms will be independent of molecular weight. For a complete understanding of the behaviour in the body of any polymer, knowledge of the variation of its molecular weight distribution with time is important. In all published work on the fate in the body of polymers, which are normally foreign to the body, no attempts appear to have been made to determine such changes in molecular weight distribution. In the present paper some of the changes in molecular weight distribution which occur in the case of the particular synthetic polymer, polyvinylpyrrolidone (P.V.P.), used in these studies are described.
Ideally, after an infusion of a plasma substitute, the polymer would be eliminated from the body at such a rate that the osmotic pressure due to the polymeric component decreased as the osmotic pressure due to the plasma proteins returned to normal as the deficiency in these was made good. An exact balance would, in practice, be impossible to achieve, but a rational approach to the problem of selecting the most suitable molecular weight range of any particular polymer is based on a knowledge of the time taken for the restoration to normal, after sudden depletion, of the plasma proteins in human subjects. Unfortunately, there appears to be insufficient data available at present on the rate of regeneration of plasma proteins Ltnder conditions similar to those when an infusion of a plasma substitute might be given. Most information on the regeneration of plasma proteins in human subjects is for cases of malnutrition. Wallace and Sharpey-Schafer (1941) have shown in human subjects not suffering from shock that regeneration of the plasma proteins was virtually complete in three to 90 hours, but no similar studies have been made on human subjects who are in a severely shocked condition due to loss of blood. Ebert, Stead, Warren, and Watts (1942) In the absence of such information as would allow a theoretical approach to the development of a plasma substitute, it is of value to determine the behaviour in the body of those plasma substitutes which are clinically acceptable. Such a plasma substitute is " plasmosan," which was first described by Thrower and Campbell (1951) . The clinical value of this material has been shown by Arden, Mandow, and Stoneham (1951) , by Haler, Clift, Jameson, and Swinton (1953) , and by RussellStoneham (1953) . The present paper describes renal excretion studies of the colloidal component, P.V.P.. from human subjects after infusion of " plasmosan." This polymer, originally examined for use in a plasma substitute by Hecht and Weese (1943) , has since been further developed in France and in this country. Since much of the published work on this type of plasma substitute relates to P.V.P. of inadequately defined molecular weight range, conflicting results have been reported, and it must be emphasized that the results described in this paper apply to only one grade of P.V.P. of definite molecular weight distribution. A preliminary account of the present studies has already been given by Campbell (1953) .
Experimental
At the hospital each patient, selected by the medical staff as being free from any kidney disease, was infused with up to one bottle (540 ml.) of " plasmosan." The time of beginning and ending the infusion was recorded, together with the volume of "plasmosan" unused. One 24-hour sample of urine was collected up to the time of the infusion. After the infusion individual samples of urine were collected during an initial period of about two days and then 24-hour samples for at least another nine days. In some surgical cases dressings which might contain P.V.P. from the open wounds were retained. In our laboratories all samples of urine were initially examined by the tests given below and then the P.V.P. was extracted. The molecular weight distributions of the extracted samples were determined. The wound dressings were also examined.
Details of Patients and Treatment.- Table I gives details of each patient together with notes on the loss of P.V.P. by various means. Mr. G. P. Arden, in charge of all the surgical cases, stated that there was no excessive bleeding in any case. The actual quantity of blood lost in the operation cannot, however, be stated.
Plasmosan from the same batch was used in all infusions. The composition of " plasmosan " has previously been given by Thrower and Campbell (1951) . The molecular weight distribution curve for the P.V.P. used in this batch is given in Figs. 4 and 5, and had not changed during storage since the preparation of the " plasmosan."
Experimental Methods.-The clarity, specific gravity (by hydrometer), and pH (by glass electrode) of each sample of urine were noted. Albumin was tested for qualitativity by the sulphosalicylic acid test and for reducing sugar by Benedict's test. Creatinine was determined by the Jaffe method, the resulting intensity of colour being measured on an EEL colorimeter using a No. 624 filter. Details of the latter three tests have been given by Hawk, Oser, and Summerson (1947) . The P.V.P. concentration was determined colorimetrically by the iodine method as described by Campbell and Hunter (1953) and by Campbell, Kane, and Ottewill (1954a) . An EEL colorimeter with No. 623 filter was used to measure the intensity of colour. From the P.V.P. concentration, and the volume of the urine sample, the weight of P.V.P. present was obtained.
A representative quantity of the P.V.P. in each sample of urine was extracted by the following method. To the urine was added 22% by weight of exsiccated sodium Kane, and Ottewill (195 io) .
Each wound dressing was extracted with boiling water. After filtering, the aqueous solutions were co-icentrated by vacuum distillation and clarified in a centrifuge. The solutions were then examined by the icdine method for the presence of P.V.P. Attempts were made to determine molecular weight distribution curves. A wound dressing from a patient who had not received " plasmosan " was similarly examined.
Methods of Calculation. Since the actual period of the infusion was at least one hour, zero time for calculating the rate of excretion of P.V.P. has been taken as the arithmetic mean of the beginning and end of this pericd. This introduces an indeterminate error when a comparison is made of the excretion by different patients at times less than 10 hours after infusion, but this error is negligible for longer periods.
The uncorrected weight of P.V.P. present in any sample of urine was obtained from the iodine estimation without allowance for variations in sensitivity of the method with molecular weight. When a correction was made for this, using the peak molecular weight of the distribution curve, the weight of P.V.P. present is referred to as the corrected weight. The correction factors used are given by Campbell, Kane, and Ottewill (1954a) . This may introduce a small error, since the true correction factor, which cannot at present be determined, will depend upon the distribution of molecular weights rather than on the peak molecular weight.
In comparing the molecular weight distributicns of the infused and total excreted P.V.P., it is convenient to consider the fate in each patient of 1 g. of P.V.P. which is completely characteristic of all the P.V.P. infused. Of each gramme infused, the fate of R'100 g. is known where R is the percentage total weight excreted. Therefore, molecular weight distribution curves for 1 g. of infused and R'100 g. of total excreted P.V.P. are compared. This latter is obtained by summing the molecular weight distribution curves for r/100 g. of each successive sample of excreted P.V.P. (of known percentage weight r)
where Er= R.
Experimental Results A complete picture of the renal excretion of P.V.P. can be obtained only from those cases in which there was negligible loss of P.V.P. (see Table I ). The data from those patients in which indeterminate losses of P.V.P. did occur can, how- 1 00 1-00 1-00 1-00 1-00 1-00 1-00 1-00 I-00 ever, be used to support some of the main conclusions. A set of data for one typical medical patient is given in Table II . Pattern of Excretion.-A typical set of molecular weight distribution curves for P.V.P. recovered from successive samples of urine passed by patient 16 is given in Fig. 1 . The molecular weight distribution curves for all the samples of recovered P.V.P. showed the characteristics typical of fractionated material, a narrower molecular weight range and sharper peak than with the original unfractionated polymer. The curves, very sharp and narrow on the first day, gradually broadened as the post-infusion period extended. The increase in peak molecular weight with time after the infusion is illustrated in Fig. 2 . Towards the end of the excretion study on any particular patient, about 150 hours after infusion, the difference between successive molecular weight distribution curves was less than the experimental error, which became large in this period due to the extremely small amount of P.V.P. present in the urine. The data for the cases which were incomplete through loss of urine or other causes were not in disagreement with this general picture.
Rate of Excretion. -Fig. 3 shows the variation of percentage weight excreted, with time after the infusion, for four medical and three surgical cases. The excretion rate, high during the first 24 hours after infusion, decreased to a small value after about 100 hours. Excretion did continue at this small, but measurable, rate for 300 to 600 hours for different patients. The rapid excretion immediately after infusion is illustrated by An indication of the quantity of P.V.P. excreted over shorter post-infusion periods can be obtained (Table IV) . Samples of urine, collected from two patients (Nos. 13 and 16) within 15 minutes of the end of the infusion, contain the P.V.P. actually excreted by the kidney during the infusion and for a short period afterwards. These data also indicate an immediate and rapid excretion of P.V.P. Total Recovery of P.V.P.-The total recoveries of P.V.P. from all patients are given in Table V. Renal Threshold Molecular Weight.-In all the patients studied, P.V.P. with molecular weights over the whole range 0 to more than 100,000 was recovered from the urine. If there is a threshold molecular weight above which molecules of P.V.P. cannot pass through a normal kidney, this threshold must, therefore, be considerably greater than 100,000.
Degradation of P.V.P. in the Body.--When more than about 80% of the infused P.V.P. was recovered a comparison could be made between the molecular weight distribution for the infused P.V.P. and for the sum of all the samples of P.V.P. excreted by any one patient. No allowance has been made for the departure of the recovered P.V.P. from 100%'. Fig. 4 shows molecular weight distribution curves for four medical patients and Fig. 5 for two surgical patients. The distribution curves are presented as histograms, since this simplified the calculations. Owing to the very small quantity of P.V.P. of molecular weight above 100,000, the histograms in this region cannot be drawn so that they are distinguishable from the base line.
Wound Dressings.-The presence of P.V.P. in the wound dressing was demonstrated by the iodine method of estimation and the turbidimetric method for the determination of molecular weight distribution, but no quantitative results were obtained owing to the presence of interfering substances. These were also found in dressings from patients not receiving " plasmosan." Discussion Although all patients had been selected by the medical staff of the hospitals concerned as free from any kidney disease, some properties of the urine samples, which are listed above in the experimental sec- Such losses were of most significance when they occurred in the first 48 hours after infusion when the concentrations of P.V.P. in I0 ,blood and urine were greatest. 75 100 The actual quantity of P.V.P.
lost cannot be determined. In f infused ( ) and all the medical cases the cono. 11 and B is patient stancy of the 24-hour volume and creatinine content of the urine indicated that losses were negligible. In the surgical cases, however, no such simple interpretation was possible, since the effect of surgery on the urine volume and creatinine excretion was not known. In all surgical cases loss of P.V.P. due to bleeding occurred. For reasons discussed above, such losses could not be assessed and, hence, the anmount of P.V.P. reco\ ered must be regarded as minimal.
In all the cases studied, no differences between the experimental results for male and female patients have been found. It is impossible to say whether the experimental differences between surgical and medical cases, such as the total P.V.P. recovery (Table V) , are due to any other causes than the losses of P.V.P. known to occur in the surgical cases.
Apart from its dependence upon blood concentration, the rate at which P.V.P. passes through the kidney must depend inversely upon its molecular weight in order to explain the general shape of the curves in Fig. 2 which give the increase in peak molecular weight with time after infusion. A more detailed analvsis of the kinetics of excretion is impossible at present owing to the complicating factor of degradation of P.V.P. Although P.V.P. passes through the kidney very slowly at high molecular weights, evidence has been obtained that P.V.P. of all the molecular weights present in the polvmer infused can pass through the kidney. If a threshold molecular weight exists, above which P.V.P. molecules will not pass through the kidney, this is in excess of 100,000. The value of this threshold molecular weight cannot be stated at present with greater accuracy, since the actual weight of P.V.P. of molecular weight greater than 100.000 in "plasmosan" is too small to allow precise measurements to be made. An accurate determination would require excretion studies using P.V.P. of a much higher molecular weight. The excretion of P.V.P. of all the molecular weights present in " plasmosan " is confirmed by the complete recovery of P.V.P. in the urine of those patients in whom loss of P.V.P. may be regarded as negligible (Table V) . This complete recovery indicates that disposal of P.V.P. in the body other than by renal excretion is insignificant and that it is not permanently stored in the body. Histological evidence that the grade of P.V.P. used in " plasmosan" is not permanently stored has been found by Whitelaw (see Thrower and Campbell, 1951) in rabbits, and by Haler and co-workers (1953) in a human subject. These experiments refer to plasma concentrations of P.V.P. not grossly in excess of those likely to be found in normal clinical practice. Conflicting evidence concerning storage of other grades of P.V.P. in various animals has been reported by Korth and Heinlein (1943) , by Bargmann (1947) , by Schoen (1949) , by Fresen (1949a) , and by Steele, Van Slvke, and Plazin (1952) . This lack of agreement between different workers may partly be due to the use of different grades of P.V.P., the molecular weight ranges of which have never been specified, since Fresen (1949b) has shown that the possibilitv of storage will certainly increase with increasing molecular weight. Other relevant factors may be the weight of P.V.P. per kilogram of body weight infused, and the possibility of differences in the renal excretion between different species of animals.
The threshold molecular weight of excretion for proteins as found by Bayliss, Kerridge, and Russell (1933) is about 68,000 and is much smaller than the value for P.V.P. The explanation of this may be, in part, due to differences in the shape and electric charge of the molecules. Another difference does, however, exist between the plasma proteins and P.V.P. molecules in solution, which may be of importance. No protein molecule can uncoil, and hence change its cross-sectional area, without undergoing irreversible denaturation. Scholtan (1951) has shown that the P.V.P. molecule, like most flexible, long-chain, synthetic polymer molecules, is, in solution, randomly kinked and, unlike the protein molecule, continually undergoes reversible changes in the actual degree of kinking. There is a most probable configuration and cross-sectional area, which, for P.V.P. of a higher molecular weight, may prevent passage through the kidney. Reversible changes in the degree of kinking, however, could yield molecules of smaller cross-sectional area which might then be capable of passing through the kidney. It may be this mechanism which allows P.V.P. molecules of high molecular weight to pass slowlv through the kidney.
A comparison of the histograms of Figs. 4 and 5 shows that there is more P.V.P. of a low and less of a high molecular weight recovered in the urine than was infused into the patient. Some form of degradation of P.V.P. molecules must, therefore, occur during their passage through the body, but the mechanism of this change is at present unknown. These observations, which can be due only to a limited degradation of P.V.P., are not in disagreement with those of Steele and his colleagues (1952) , who found that after infusions of C14 tagged P.V.P. onlv a very small amount of radioactive carbon dioxide was expired.
Evidence is now available that P.V.P. is very rapidly excreted in the 48 hours after an infusion. Over 90 0% of the infused P.V.P. can be accounted for in the urine of those patients in whom there was no loss of P.V.P. due to bleeding or to incomplete collection of urine.
If a threshold molecular weight exists above which P.V.P. would not be excreted by the normal kidnev, this is in excess of 100,000.
There is a very rapid excretion of P.V.P. in the first 24 hours after an infusion.
There is evidence for degradation of P.V.P. during its passage through the body.
